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Abstract
1. The threat of predation influences decisions made by prey animals and alters the
way that prey interact with other species in their environment. Animals often alter
their foraging behaviour in response to a predatory threat by increasing or decreasing
food consumption or by changing their feeding preferences to focus on foods that
limit their exposure to the threat. Changes in grazing pressure and diet selectivity
can have significant impacts on the abundance and diversity of the prey's food
resources. In this study, we examined the indirect effects of a predatory fish on
macrophyte biomass, mediated by crayfish responses to predator odours.
2. Largemouth bass (Micropterus salmoides, Centrarchidae) were housed in flow-through
stream mesocosms to produce odour cues that initiated a nonconsumptive effect on
rusty crayfish (Faxonius rusticus, Cambaridae) held in an adjacent section of the stream.
Crayfish were offered three species of macrophytes (Myriophyllum exalbescens, Halor-
agaceae; Elodea canadensis, Hydrocharitaceae; Chara spp., Characeae) and were
allowed to graze for 48 hr. Consumption of each plant species was measured by
weighing the plant samples before and after every trial. The plant samples were fur-
ther analysed for total phenolic content using the Folin–Ciocalteu method. Foraging
and shelter use behaviours were quantified by analysis of video recordings for time
spent foraging in the mesocosm and time spent in the shelter zone of the mesocosm.
3. Crayfish consumed greater quantities of macrophyte tissue when predator cues
were present, and this result was unexpected and is contrary to most observa-
tions in the literature.
4. When threatened, the crayfish also showed a preference for two of the macro-
phyte species, which did not exist in trials without bass odour. This could be due
to differences in total phenolic content among the three plant species tested.
5. The results provide evidence for a strong indirect effect of predatory fish on the
macrophyte community mediated by changes in crayfish behaviour under threat.
Crayfish act as keystone species in stream ecosystems; thus, changes in their for-
aging behaviour and dietary preferences caused by exposure to predator odour
cues could have important effects on macrophyte communities in lotic systems.
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1 | INTRODUCTION
Nonconsumptive effects (NCE) occur when prey alter their beha-
viour in response to detection of predator‐related stimuli (Brown,
Laundré, & Gurung, 1999). Nonconsumptive effects can alter trophic
cascades and have larger impacts on food webs than direct con-
sumption of prey by altering prey behaviour, morphology or physiol-
ogy (Peacor, Peckarsky, Trussell, & Vonesh, 2013; Preisser, Bolnick,
& Benard, 2005). One of the ways in which prey change their beha-
viour under the threat of predation is by altering their foraging beha-
viour (Laundré, Hernández, & Ripple, 2010). The reintroduction of
wolves (Canis lupus) into Yellowstone National Park has caused the
elk (Cervus canadensis) population to switch from feeding on aspen
(Populus tremuloides) saplings in the river bottoms and lowlands to
browsing farther up in the mountain valleys (Laundré et al., 2010;
Ripple & Beschta, 2006). Similarly, in stream environments, the pres-
ence of piscivorous bass (Micropterus salmoides and Micropterus punc-
tulatus) limits the foraging of herbivorous minnows (Campostoma
anomalum) and promotes the growth of filamentous algae (primarily
Spirogyra spp. and Rhizoelonium spp.; Power & Matthews, 1983).
These increases in plant growth, ultimately resulting from the pres-
ence of a predator, are called trait‐mediated indirect interactions
(TMII; Abrams, 1995). Foraging behaviour is a trait of prey that when
altered changes their impact on food resources (Peacor & Werner,
2001). Thus, the predator has an indirect effect on the prey's food
resource (Abrams, 1995). For example, prairies with spider (Pisaurina
mira) populations have increased grass diversity because of a feeding
strategy adopted by grasshoppers (Melanoplus femurrubrum) to avoid
spider webs (Schmitz, 1998). Cladocerans (Daphnia, Diaphanosoma
and Ceriodaphnia) are more abundant when piscivores (M. salmoides)
are present, because planktivorous fish (Lepomis macrochirus) spend
more time in vegetated refuge (Turner & Mittelbach, 1990). These
examples of TMIIs illustrate how the presence of a predator alters
the foraging behaviour of prey populations (Grabowski, 2004; Sih,
1982; Trussell, Ewanchuk, & Bertness, 2003). Indirect effects, medi-
ated through NCEs, can only occur if prey detect and respond to the
presence of predatory cues within the environment (Luttbeg &
Trussell, 2013).
Before NCEs can manifest, prey must first detect the predator's
presence by sensing cues released by the predator (Turner & Peacor,
2012). The detectability of cues is ultimately based on the types of
cues produced and their transmission throughout the environment
(Atema, 1988; Bouwma & Hazlett, 2001; Moore & Crimaldi, 2004).
Predator attributes can influence the types of signals that are
released into the environment (Persons & Rypstra, 2001). Larger
predators may produce cues that are greater in magnitude and thus
more likely to be detected by prey (Hill & Weissburg, 2013). Differ-
ent predators release cues of varying quality and composition, and
prey will not respond the same way to two predators of different
species (Turner, Fetterolf, & Bernot, 1999). There is also variation
within and among prey species in their ability to detect predatory
stimuli. If the intensity and composition of the cue is sufficient to
exceed the sensory threshold for a given prey, then the animal will
respond to the cue, and attempt to avoid the predator. In aquatic
environments, most predator–prey interactions and NCEs are medi-
ated through chemical signals (Brönmark & Hansson, 2000; Derby &
Sorensen, 2008; Hay & Kubanek, 2002).
Crayfish are ideal model organisms for testing the indirect effects
of predator odours in aquatic environments because crayfish are
highly sensitive to olfactory stimuli (Gherardi, Mavuti, Pacini,
Tricarico, & Harper, 2011; Hazlett & Schoolmaster, 1998; Keller,
Tomba, & Moore, 2001). Adult crayfish also feed primarily on macro-
phytes (Hogger, 1988). Crayfish are known to severely impact the
density and diversity of macrophyte beds when their foraging is
unchecked by natural predators (Carreira, Segurado, Laurila, &
Rebelo, 2017; Feminella & Resh, 1989; Lodge, Kershner, Aloi, &
Covich, 1994). Thus, predators must have an important influence on
crayfish behaviour and population dynamics in locations where
stable populations of crayfish and macrophytes coexist. We hypothe-
sise that the consumption of macrophyte biomass by crayfish will be
reduced in the presence of predatory threats. This effect will be
mediated by a reduction in foraging effort by the crayfish under
threat conditions.
Crayfish are also known to be selective in the herbivory compo-
nent of their diet (Carreira, Dias, & Rebelo, 2014; Cronin et al.,
2002; Nyström & Strand, 1996). Plants with low concentrations of
phenolic compounds are preferred by crayfish over those with
greater phenolic content (Bolser, Hay, Lindquist, Fenical, & Wilson,
1998). Over time, selective grazing by crayfish may reduce the abun-
dance of their preferred macrophyte species, replacing them with
species that are not commonly grazed (Carreira et al., 2014; Moretto
& Distel, 1999; Parsons, Harvey, & Johnson, 1991). However, if
crayfish shift their dietary preferences for different macrophytes
under threat of predation, then the presence of threats would indi-
rectly affect the distribution and diversity of macrophyte species in
aquatic habitats (Rodríguez, Bécares, Fernández‐Aláez, & Fernández‐
Aláez, 2005). Previous work in a variety of other animals shows
changes in food preferences under threating conditions as reviewed
in Lima and Dill (1990). Such a disturbance could result in significant
changes in aquatic habitat structure and the complexity of the envi-
ronment because macrophytes are diverse in their shapes and forms
(Taniguchi, Nakano, & Tokeshi, 2003; Warfe & Barmuta, 2006). Thus,
we hypothesise that crayfish will focus their foraging effort on more
preferred macrophyte species when threatened, resulting in larger
differences in biomass loss between macrophyte species.
2 | METHODS
2.1 | Collection and housing of crayfish, bass and
aquatic plants
A total of 160 form II (nonreproductive) female rusty crayfish (F. rus-
ticus) were collected from Maple Bay of Burt Lake, in Cheboygan
County, Michigan (45.4873°N, 84.7065°W). All crayfish (postorbital
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length 3.21 ± 0.02 cm [mean ± SEM]) had intact appendages and
were free of any visible signs of disease. The crayfish were held in a
flow‐through stock tank (200 × 60 × 60 cm: l × w × d) filled with
640 l of water from the Maple River filtered through elastic nylon
mesh. Crayfish were allowed to feed on natural detritus in the stock
tank from the river water. Twenty short PVC pipe sections provided
shelter for crayfish in the stock tank. Before use in a trial, crayfish
were marked with an identifying symbol drawn in nontoxic white‐
out pen (BIC® Wite‐Out® Shake ‘N Squeeze™ Correction Pens). Each
crayfish was only used in a single trial.
Largemouth bass (M. salmoides) were utilised as a source of
predator odour. Forty‐eight bass (total length = 15.86 ± 0.20 cm
[mean ± SEM]) were purchased from Harrietta Hills Trout Farm LLC,
in Harrietta Hills, Michigan. The bass were maintained in an identical,
but separate 640 l flow‐through stock tank (200 × 60 × 60 cm: l ×
w × d) filled with water from the Maple River at a density of
approximately one bass per 13 l. The stock tank was divided into
half by a plastic egg crating partition so that bass used in previous
trials could be separated from unused bass. Given the number of tri-
als and number of bass, some individual bass were reused. Any indi-
vidual bass was not used in more than two trials, with a minimum of
24 hr between uses.
Bass were fed pellets made by pulverising whole frozen rusty
crayfish in a coffee grinder. The resulting crayfish slurry was then
partitioned into approximately 0.5 ml portions before freezing. The
frozen pellets were offered once daily at a rate of one pellet per
bass, by broadcasting into the stock tank. All bass were fed a diet of
crayfish pellets for at least 2 days before use in any trials. Feeding
of a conspecific prey diet was intended to increase the threat
strength of the predator odour stimulus (Chivers, Wisenden, &
Smith, 1996; Turner, 2008; Weissburg, Poulin, & Kubanek, 2016).
Three species of aquatic plants including American waterweed
(E. canadensis), muskgrass (Chara spp.) and northern watermilfoil
(M. exalbescens) were collected from South Fishtail Bay of Douglas
Lake, in Cheboygan County, Michigan (45.5618°N, 84.6762°W).
Plants were collected by casting a macrophyte sampling rake from a
boat into submerged vegetation mats. The macrophytes were stored
until needed in three 100 l flow‐through plastic drums fed with unfil-
tered water from the Maple River. The macrophyte storage drums
were situated outdoors in direct sunlight, away from any overhead
cover to prevent shading of plants. Plants were maintained from 23
June 2017 until 12 August 2017. All five species (bass, crayfish,
macrophytes) are quite common in this part of the midwest of the
United States and co‐occur across a wide diversity of habitats.
2.2 | Experimental design and arenas
The experiment followed a 2 × 2 fully factorial design with bass
presence or absence as the first factor and crayfish presence or
absence as the second factor. A total of n = 80 trials were run
across four different treatments. All three macrophyte species were
present in every trial. There were n = 20 control trials which
included no animals, n = 20 trials including only bass, n = 20 trials
including only crayfish, and n = 20 trials with both bass and crayfish
present.
Eight identical flow‐through stream mesocosms (200 × 60 ×
25 cm: l × w × d) were constructed from cinderblocks, lined with
0.1 ml thick plastic sheeting and 5 cm of gravel substrate at the
University of Michigan Biological Station Stream Research Facility in
Pellston, Michigan. Mesocosms were fed from 208 l plastic drums
functioning as constant head tanks filled with filtered water from the
Maple River. Water from the head tanks was delivered to the meso-
cosms through two 10 mm diameter garden hoses per mesocosm,
each regulated by a spigot at the head tank (flow rate = 0.26 ± 0.01
l/s [mean ± SEM]). Each mesocosm was further divided into half by
a screened opening in a partial wall that permitted water flow but
inhibited animal movement. The two halves were defined as the
predator section and the crayfish section (Figure 1). The predator
sections (80 × 60 × 25 cm: l × w × d) received the inflow water
directly from the head tank hoses.
The crayfish sections (100 × 60 × 25 cm: l × w × d) were filled
with water flowing through the screened wall from the predator
section. The crayfish sections also contained four PVC half‐pipe
shelters (10 × 8.5 × 4 cm: l × w × d) placed at the down current
end. Similar shelters have been used in other crayfish behaviour
studies (Chibucos, Wofford, & Moore, 2015; Jurcak & Moore, 2014).
A screened opening at the down current end of the crayfish sec-
tions allowed water to flow out of the system and back to the
Maple River.
Treatments were alternated among the eight mesocosms such
that each mesocosm produced a roughly equal number of trials for
every treatment type. The systems are flow through and any odours
present from a previous trial are naturally flushed overnight. Based
on the flow velocity and the volume of the mesocosms, water turn-
over in each stream occurs in approximately 17 min.
An infrared DVR security camera (Swann SWDVK‐430004) was
mounted above each of the eight mesocosms to capture the noctur-
nal behaviours of crayfish. The mesocosms were illuminated from
above with low intensity, red filtered light bulbs. A black utility tarp
awning (9 × 6 m) covered all eight of the experimental mesocosms.
The awning limited direct overhead sunlight exposure and prevented
surface disturbance during rain events. Sunlight entered the system
at the sides of the tanks. The awning also served to shield video
cameras and lighting equipment from weather and from glare by
moonlight and starlight.
2.3 | Experimental protocol
Experimental trials began 27 June 2017 and were concluded on 14
August 2017. All trials lasted 48 hours in duration. Set‐up began at
approximately 8:00 AM on the first day of a trial and was completed
by 2:00 PM. On the second day of the trial, the mesocosms were
only disturbed briefly to remove detritus from the screens of the
dividing wall and outflow openings (detritus was removed once daily
in all mesocosms). Trials were dismantled beginning at 8:00 AM and
completed by 11:30 AM on the third day of the trial.
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In trials that included predator odour, two bass were placed into
the predator section of each mesocosm. The bass were placed in the
predator sections at least 2 hr before the crayfish were introduced
to the crayfish sections. Introduction of bass into the mesocosms
allowed the crayfish sections to fill with water containing bass odour
before crayfish were introduced, so that there would not be any
delay in odour exposure.
Only visually fresh macrophyte samples were selected from the
storage system to reduce any effect of plant condition on herbivore
preference. Macrophyte samples were selected that showed bright
coloration and fullness of leaf structure. Three 25 cm length stems
of each macrophyte species were utilised per trial. Surface water
was removed from the macrophyte stems using a salad spinner. This
device uses centrifugal force to throw water from the surfaces of
vegetation. After drying, each set of macrophyte stems was weighed
to the nearest 0.01 g.
Each macrophyte stem was attached to a glass stir rod
(25 × 0.6 cm: l × dia.) with 26 gauge green‐painted steel floral wire.
Three stir rods, one for each plant species, were then attached to a
hardware cloth bracket (24 × 19 cm: l × w). The positions of each
macrophyte species on a bracket were rotated to prevent any false
preferences related to plant position. Three plant brackets were then
placed into the up current third of each crayfish section, directly
onto the substrate. The configuration of the brackets within the
crayfish section was rotated between trials to reduce any feeding
bias caused by the location of plant samples in the arena (Figure. 2).
Attaching the macrophyte samples to brackets prevents the tissue
samples from floating away from the crayfish, and it also prevents
the crayfish from dragging the samples into the shelter zone to feed.
Four crayfish were selected from their holding tank for use in
each trial that included crayfish presence as a factor. The postorbital
carapace length of each crayfish was measured to the nearest
0.5 mm. Each crayfish was marked for individual identification and
added to the crayfish section of the mesocosm.
During trials involving crayfish, overhead video cameras recorded
the nocturnal behaviours of the crayfish for 4 hr each night. The
F IGURE 1 Experimental Mesocosm. Filtered river water enters from a constant head tank through the inflow hoses on the left. Water
resides temporarily in the predator section before flowing through a screened opening into the crayfish section. Water then flows out of the
screened outflow on the right. The boxes outlined with dashes define the boundaries of the plant resource zone (gridded area) and the shelter
zone (white boxed area)
F IGURE 2 Plant Resource Zone Example. The illustration above demonstrates one of three possible arrangements of macrophyte stems
offered in the plant resource zone during a trial. Starting on the left, the first bracket shows M. exalbescens, E. canadensis and Chara spp. The
second bracket shows a shift in the order, E. canadensis, Chara spp. and M. exalbescens. The third bracket shows Chara spp., M. exalbescens and
E. canadensis. The three wire brackets can be reordered to give two additional arrangements of plant species
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cameras began recording at 00:00 and stopped at 04:00 each night,
thus recording a total eight hours of video per trial in two‐four hour
blocks.
After the 48‐hr trials were complete, all crayfish were removed
from the system. The crayfish were then euthanised by freezing. The
macrophyte samples were removed from the streams and surface
dried in the salad spinner before weighing a second time. All macro-
phyte samples were flash frozen with liquid nitrogen and were
stored in a freezer at −80°C. A subset of the macrophyte samples
(n = 5 per treatment) were randomly selected for total phenolic con-
tent analysis using the Folin–Ciocalteu method (Folin & Ciocalteu,
1927). This technique uses colorimetry to analyse methanol extracts
of freeze‐dried plant tissues that have been treated with Folin's phe-
nol reagent against a gallic acid standard. Previous research has
shown that plant‐derived phenolic compounds deter herbivory by
crayfish (Bolser et al., 1998).
2.4 | Data collection
The masses of plant tissue samples for each macrophyte species
were recorded before and after the 48‐hr duration of each trial. To
quantify changes in macrophyte biomass, the mass of each sample
after the trial period was subtracted from its initial mass before the
trial. These differences were then normalised by the initial mass to
calculate a percentage of biomass change.
Per cent Biomass Change ¼ ððWf WiÞ=WiÞ  100
where Wi is the initial mass of three stems of one macrophyte spe-
cies used in a single trial and Wf is the final mass of the same three
macrophyte stems at the end of the trial. Positive percentages would
indicate an increase in biomass, while negative percentages would
indicate a loss of biomass. Using this technique, we do not assume
that autogenic plant growth is the same across treatment conditions
which may cause plants to grow at different rates from controls due
to grazing pressure or the presence of nutrients released by animals
in the system.
The overall nocturnal activity of the crayfish was examined in an
effort to assess how the presence of bass altered their behaviour.
Video recordings were manually scored for behaviours by a reviewer
blind to the treatment. Two separate behaviours were recorded for
the crayfish: foraging and shelter use. A crayfish was scored as
either foraging or using shelters when and only when the entire mar-
ker (located on its carapace) was within the foraging zone or shelter
zone (Figure 1). Given the clarity limitations of the overhead camera,
we are uncertain of whether the crayfish is actually foraging while
in the foraging zone. So for ease of communication, we are defining
the term foraging as when the animal was present in the zone
with the plants.
From this analysis, a total of four different behavioural measures
are recorded: time in foraging zone, transition into or out of foraging
zone, time in shelter zone, transition into or out of shelter zone.
Transitions into or out of zones were chosen as a proxy for overall
activity of the crayfish.
From these initial behavioural measures, secondary behavioural
measures were calculated and used for statistical analysis. The total
foraging effort was calculated by multiplying the time spent foraging
by the number of crayfish foraging. For example, if the total time
that only one crayfish was found within the foraging zone for a night
was 90 min, then that foraging effort was 90 crayfish minutes. If the
total time that two crayfish were found in the foraging zone was
15 min, then that effort was 30 crayfish minutes. After these multi-
plications, the values were summed to produce total foraging effort.
This number was divided by 960 crayfish minutes. This value (960
crayfish minutes) was the total maximum amount of foraging effort
the four crayfish could demonstrate (4 hr × four crayfish). This final
result produced a proportion of total foraging effort. This proportion
provides insight into how the population of crayfish responded to
the presence or absence of bass. Values for total sheltering effort
were calculated in the same manner as total foraging effort.
2.5 | Statistical analysis
Changes in plant biomass (per cent biomass loss) were analysed
using a nonlinear mixed model in R (Bates, Maechler, Bolker, &
Walker, 2015; R Core Team, 2018). The plant biomass model was
constructed with full interactions using three fixed factors (bass
treatment, crayfish treatment and macrophyte species) and two ran-
dom factors (trial number and mesocosm). The trial number as a ran-
dom factor accounted for the interdependence of the macrophyte
species and the mesocosm accounted for the different mesocosm
effects. When significant differences were found with the interaction
terms, differential contrasts were used with a Tukey HSD post hoc
test to determine where significant differences existed (Hothorn,
Bretz, & Westfall, 2008; R Core Team, 2018).
A three‐way analysis of variance was used to test the effects of
crayfish presence or absence, bass presence or absence, and plant
species on the total phenolic content of a subset of macrophyte
samples (R Core Team, 2018). A Tukey HSD post hoc test was used
to determine which groups were significantly different (Hothorn et
al., 2008; R Core Team, 2018).
The crayfish behaviour data were analysed similarly to the
changes in plant biomass. A nonlinear mixed model analysis in R was
performed with two fixed effects (bass treatment and trial night) and
two random factors (trial number and mesocosm). Significant differ-
ences in interactions terms were found using a Tukey HSD post hoc
test (Bates et al., 2015; Hothorn et al., 2008; R Core Team, 2018).
3 | RESULTS
3.1 | Macrophyte consumption
There was an overall interaction effect of bass presence or absence,
crayfish presence or absence, and macrophyte species on changes in
plant biomass (F(2,152,0.05) = 5.202, p = 0.007).
Comparisons of biomass changes within macrophyte species
across treatments indicate that crayfish consumed significantly
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more of E. canadensis when odours from the bass were present
(Tukey HSD test, p < 0.001; Figure 3, left panel; Table 1, top left).
The biomass of Chara spp. was also reduced a marginally signifi-
cant amount by crayfish grazing when bass odours were present
compared to trials without bass odours (Tukey HSD test,
p = 0.058; Figure 3, centre panel; Table 1, top centre). Myriophyl-
lum exalbescens did not show a significant difference in biomass
consumption by crayfish under bass present or bass absent condi-
tions (Tukey HSD test, p = 0.99; Figure 3, right panel; Table 1, top
right).
When crayfish consumption of macrophytes was compared
across species, crayfish did consume a significantly greater percent-
age of E. canadensis than M. exalbescens in bass odour present trials
(Tukey HSD test, p < 0.001; Table 1, bottom centre). The crayfish
also consumed a significantly greater percentage of Chara spp. bio-
mass than M. exalbescens when bass odours were present (Tukey
HSD test, p < 0.001; Table 1, bottom right). However, crayfish did
not consume significantly different percentages of the biomass of
E. canadensis and Chara spp. (Tukey HSD test, p = 0.99; Table 1, bot-
tom left).
Plant species had a significant effect on the total phenolic con-
tent of the macrophyte samples tested (three‐way ANOVA,
p < 0.001). The mean total phenolic content of M. exalbescens across
all treatments was 11.26 mg/g in gallic acid equivalents. M. ex-
albescens contained significantly more phenolics than either
E. canadensis or Chara spp. (Tukey HSD test, p < 0.001 and
p < 0.001, respectively). The mean total phenolic content of
E. canadensis was 1.88 mg/g in gallic acid equivalents. The mean total
phenolic content for Chara spp. was 0.34 mg/g in gallic acid equiva-
lents. There was no significant difference in the phenolic content of
E. canadensis and Chara spp. (Tukey HSD test, p = 0.468).
3.2 | Crayfish behaviour
There was a significant effect of bass presence on the number of
crayfish transitions into and out of the plant and shelter resource
zones (linear mixed model fit by REML, p = 0.023). The number of
transitions between the resource zones decreased from an average
of 232 transitions per night without bass to an average of 190 tran-
sitions per night with bass present. A significant effect of night of
observation was also detected on the number of transitions. Crayfish
crossed the boundaries of the resource zones significantly more on
F IGURE 3 Effects of Crayfish Grazing
and Bass Odour on Macrophyte Biomass.
Per cent change in macrophyte biomass
(mean ± SEM) resulting from crayfish
absence (black closed squares) and crayfish
presence (grey closed circles). The left two
points in each plot indicate trials with bass
absent, and the right two points are trials
with bass present. Points labelled with
different letters indicate a significant
difference resulting from a linear mixed
model analysis followed by a Tukey HSD
post hoc test (p < 0.05). †See Table 1 for
within species comparison for Chara spp
TABLE 1 Effects of predator odour on macrophyte consumption
Within species comparison
Elodea vs.
Elodea Chara vs. Chara
Milfoil vs.
Milfoil
Bass Odour
Absent vs. Present
p < 0.001 p = 0.05822 p = 0.99990
Across species comparison
Elodea vs. Chara
Milfoil vs.
Elodea
Milfoil vs.
Chara
Bass Odour
Present vs. Present
p = 0.99998 p < 0.001 p < 0.001
The top table displays within species p values from Tukey HSD multiple
comparisons following a linear mixed model analysis. These comparisons
demonstrate changes in the consumption of each macrophyte species
between predator absent and predator present conditions. The bottom
table displays across species p values from Tukey HSD multiple compar-
isons following a linear mixed model analysis. These comparisons demon-
strate changes in the relative percentage of each macrophyte species
consumed under the influence of the predator.
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the first night of the trial (mean = 232 transitions) than on the
second night of the trial (mean = 190 transitions).
Crayfish displayed a marginally greater percentage of total forag-
ing effort when bass were present as opposed to when bass were
absent (Tukey HSD test, p = 0.051: Figure 4, left panel). Crayfish
significantly decreased the percentage of total shelter use when bass
were present as opposed to when bass were absent (Tukey HSD
test, p < 0.005: Figure 5, left panel).
4 | DISCUSSION
4.1 | Effect of predator odour on macrophyte
consumption by crayfish
The findings from this study clearly demonstrate that crayfish her-
bivory was heavily modified by the presence of predatory cues. This
is seen in the increased consumption of macrophytes when fish
were present in the trials. In addition, crayfish became more selec-
tive in their herbivory when predatory cues were present. Crayfish
consumed significantly greater percentages of E. canadensis and
Chara spp. biomass as opposed to M. exalbescens in trials when bass
were present. The mechanism that underlies both the increased her-
bivory and change in selectivity of consumption appears to be alter-
ations in foraging behaviour. In the presence of predatory odour,
crayfish significantly decreased their movements between resource
zones, while increasing the amount of time spent in the foraging
zone of the mesocosm. Crayfish also significantly decreased the time
spent in the shelter zone when predator odours were present. The
findings of increased foraging behaviours and decreased shelter use
under threat are contrary to our hypotheses and contrast with many
prior findings in the literature. However, the decrease in overall
activity and the change in macrophyte preferences under threat
were expected.
Animals responding to predatory threats are known to show ele-
vated stress, evidenced by increased stress hormone levels (Barton,
2002; Pauwels, Stoks, & De Meester, 2005; Sheriff, Krebs, & Boon-
stra, 2009). It is possible that the metabolic cost of stress responses
requires an increase in food consumption (Hawlena & Schmitz,
2010). Thus, crayfish could be feeding more because of the meta-
bolic cost of physiologic stress imposed by the predator. Some
animals respond to NCEs by altering their morphology to make
themselves more difficult for predators to consume (Brönmark &
Miner, 1992; Tollrian, 1995). Despite the time involved in morpho-
logical changes, this response can reduce the likelihood of predation
in the future (Nilsson, Brönmark, & Pettersson, 1995). Largemouth
bass are gape‐limited predators, and increased foraging in crayfish
may be an attempt to accelerate growth in order to escape the gape
limitation of a potential predator (Hambright, 1991; Urban, 2007).
Finally, the crayfish in our system are only being exposed to chemi-
cal stimuli. The presence of both mechanical and visual stimuli, along
with chemical stimuli, may produce different foraging and shelter
use results. Regardless of the mechanism driving changes in crayfish
behaviour, the differences in the increased foraging effort as well as
the change in selectivity of the consumption of macrophytes could
lead to changes in the macrophyte communities of streams.
4.2 | Consequences for aquatic systems
Increased grazing pressure by crayfish under threat of predation will
have a negative influence on the biomass of macrophytes in aquatic
habitats. Macrophytes comprise the bulk of the diet in adult crayfish
(Abrahamsson, 1966; Hogger, 1988), and the effects of increased
grazing pressure from crayfish invasions are known to greatly reduce
the biomass of macrophyte communities (Feminella & Resh, 1989;
Gherardi & Acquistapace, 2007; Lodge & Lorman, 1987). Similar
losses of biomass might be expected if crayfish increase their con-
sumption of macrophytes in response to predatory stimuli. Crayfish
in the current study consumed nearly double the plant biomass
when predators were present. Such significant reductions in macro-
phyte biomass would result in the loss of a key food resource for
many herbivorous invertebrates, fish and waterfowl as reviewed by
Lodge (1991). Macrophytes also provide surface area for colonisation
by epiphytic algae, bacteria and protists, which are key food
resources for many aquatic invertebrates (Soszka, 1975). Decreased
macrophyte abundance could change ecological interactions within
the community of epiphyton feeding fauna (Brönmark, 1990;
Gresens, 1995; Wallace & Webster, 1996). Reduced area for
F IGURE 4 Bass Odour Influence on Crayfish Foraging Behaviour.
Effects of bass absence (black) and presence (grey) on total foraging
effort (mean ± SEM: p = 0.0518)
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epiphyton grazing would increase competition between aquatic her-
bivores, which are known to compete through exploitation and inter-
ference for epiphyton resources (Gresens, 1995; Lamberti, Ashkenas,
Gregory, & Steinman, 1987). Macrophyte losses that translate to
reductions in macroinvertebrate abundance will have ripple effects
throughout other trophic levels (Brönmark & Weisner, 1992). Popu-
lations of species using macrophytes for habitat and refuge may
have to relocate to find suitable habitat elsewhere (Wolcox & Mee-
ker, 1992). In addition to increased grazing by crayfish, the present
study found changes in selectivity of that grazing which produces
changes in relative abundance that alter macrophyte community
diversity.
Crayfish are known to be selective in the herbivory component
of their diet (Chambers, Hanson, & Prepas, 1991; Cronin et al.,
2002; Nyström & Strand, 1996). Uneven consumption of macro-
phytes under threat of predation may lead to shifts in relative abun-
dances due to increased herbivory pressure on preferred species.
Changes in macrophyte diversity have the potential to alter the
effectiveness of ecosystem services provided by littoral zone macro-
phyte communities (Carpenter & Lodge, 1986) especially through
changes in spatial heterogeneity of macrophyte bed habitats. Spatial
heterogeneity is an important component of habitat quality in aqua-
tic environments, which contributes to the diversity of animals a
habitat can support (Heck & Crowder, 1991; Pianka, 1966). For
example, benthic mats of Chara spp. often support a higher abun-
dance of macroinvertebrates than vascular aquatic plants do (Waters
& San Giovanni, 2002). These mats of vegetation grow in shallow
water, are dense, and highly complex, thus providing a good refuge
from predators while also allowing access to accumulated detritus
and Chara spp. tissue as food resources.
The observed changes in either macrophyte abundance or diver-
sity are a result of a negative indirect effect of an aquatic predator
on macrophyte communities. Typically, nonconsumptive effects of
predators have been found to reduce the impact of foraging by prey
(Fortin, Boyce, Merrill, & Fryxell, 2004; Lima & Dill, 1990; Turner &
Mittelbach, 1990). These reductions in foraging drive the indirect
effects of predator presence on the plant community. For example,
in coastal marine environments, the presence of predatory crabs
(Carcinus maenas) has been shown to reduce grazing pressure on
fucoid algae (Ascophyllum nodosum) by snails (Littorina littorea), allow-
ing increased algal growth (Trussell et al., 2017). However, in the
present study, the direct observations of increased macrophyte con-
sumption under threat of predation suggest that more complicated
interactions may be at play, at least in this system.
The appearance of macrophyte preferences by crayfish under
predation threat implies that the nonconsumptive effect of the
predator alters the perceived value of each macrophyte as a food
resource. Other studies have found that prey will switch their food
preferences under threat to either recoup energetic costs or reduce
handling time (Hay & Fuller, 1981; Lima & Dill, 1990; Schmitz,
Beckerman, & O'Brien, 1997). Although not directly measured here,
changes in foraging choices may be based on differences in plant
morphology, nutritional content and/or buoyancy (Chambers et al.,
1991; Cronin et al., 2002; Lodge, 1991). Thus, handling time may
carry more weight for crayfish foraging decisions under predation
threats. Physiological changes, such as plant defensive chemicals,
may also be involved in the choice. Crayfish are known to prefer
plants with lower noxious chemical content (Bolser et al., 1998;
Chambers et al., 1991; Cronin et al., 2002). In the present study,
chemical analyses for total phenolic content were performed on a
small subset of the macrophyte samples (n = 5). Myriophyllum exal-
bescens showed significantly higher phenolic content in control treat-
ments than either E. canadensis or Chara spp. Despite the lack of
any systematic changes in plant phenolics in any of the bass or cray-
fish treatments, the greater loss of biomass seen in the two plant
species with lower phenolic content may be evidence that crayfish
are using the concentration of phenolics to make foraging decisions
in the presence of predatory odours.
5 | CONCLUSIONS
The responses of prey species to predator stimuli are complex and
difficult to predict. The increase in foraging activity and plant con-
sumption by crayfish in this study did not match our predictions.
The results do provide insight into how the presence of aquatic
predators can have indirect effects on macrophyte communities,
F IGURE 5 Bass Odour Influence on Crayfish Sheltering
Behaviour. Effects of bass absence (black) and presence (grey) on
total sheltering effort (mean ± SEM: p < 0.005)
1530 | WOOD ET AL.
thus linking two trophic levels that typically do not interact directly
(Abrams, 1995). In streams where both crayfish and bass are pre-
sent, the abundance of macrophytes is likely to be reduced, causing
a loss in valuable food resources and refugia for other inverte-
brates, fishes, waterfowl and mammals. However, reductions in
macrophyte abundance may be beneficial to stream life if macro-
phyte stands become too large or too dense. The appearance of
foraging preferences under threat of predation also changes the
way that predators and prey interact with other species in the com-
munity. If a predatory threat causes crayfish to focus their foraging
efforts on E. canadensis and Chara spp. in streams, the growth of
other macrophyte species responding to the selective grazing might
alter the diversity of the macrophyte community. Macrophyte diver-
sity is especially important in stream environments because of the
high degree of interconnectivity between species found there
(Brown, Edwards, Milner, Woodward, & Ledger, 2011). Crayfish
function as keystone species in aquatic environments (Crandall &
Buhay, 2008) and can thus produce disproportionately large
changes in community structure when their behaviour or abundance
is altered. Understanding the nuances of predator–prey interactions
is vital to our ability to predict the outcome of human manipula-
tions of stream environments and to better inform our conservation
and management efforts.
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